Abstract. In Japan, low availability of equine oocytes makes it very difficult to improve the in vitro fertilization (IVF) system of horses. In this situation, an assay for sperm penetrability into zona-free hamster oocytes could be useful as a simulator of the IVF system. The aim of this study was to clarify the optimum conditions of the pretreatment of frozen-thawed stallion spermatozoa with caffeine and ionophore A23187 (IA) in the penetration assay. Frozen-thawed stallion spermatozoa were washed and then pretreated with IA in modified BO solution (mBO) supplemented with caffeine. After the pretreatment, the spermatozoa were used for the penetration assay with zona-free hamster oocytes. At first, effect of increasing concentrations of caffeine (0-10 mM) were examined on the penetration of spermatozoa pretreated with 1 µM IA for 60 sec. The highest penetration rate after 10 h co-culture with oocytes was obtained for spermatozoa penetrated in the presence of 1 mM caffeine (49.0%). Next, when spermatozoa were pretreated with 0-1.0 µM IA for 0-180 sec in the presence of 1 mM caffeine, significantly higher penetration rates after 10 h co-culture with oocytes were obtained under the condition of 0.1 µM IA for 120 sec (52.2%) and 1.0 µM IA for 60 sec (40.9%). When oocytes were fixed 2, 4, 6, 8 and 10 h after IVF using spermatozoa treated with 0.1 µM IA for 120 sec in mBO containing 1 mM caffeine, the penetration rates increased significantly from 2 h (10.4%) to 4 h (21.7%) and from 6 h (27.5%) to 8 h (49.0%). These results indicate that pretreatment with 0.1 µM IA for 120 sec in the presence of 1 mM caffeine effectively promotes the penetration of frozen-thawed stallion spermatozoa into zona-free hamster oocytes, and that under this condition, spermatozoa might complete the acrosome reaction during 6 to 8 h of incubation after IA treatment.
a p a c i t a t i o n a n d a c r o s o m e r e a c ti o n o f spermatozoa are essential for fertilization in mammals, and the spermatozoa require a period of incubation in the female reproductive tract to be capacitated [1, 2] . Attempts to induce capacitation (and subsequent acrosome reaction) of stallion spermatozoa in vitro have been reported by treatments with the following substances; calcium ionophore A23187 (IA) [3] [4] [5] [6] [7] [8] [9] , liposomes [10] [11] [12] , and heparin [7, 8, [13] [14] [15] [16] , and by incubation with oviductal epithelial cells [6] . Among them, the pretreatment of spermatozoa with IA before IVF appears to be most promising for successful IVF in equine species, since two foals have been born from IVF embryos which were derived from oocytes that had been matured in vivo and inseminated with spermatozoa treated with IA [5, 17] . For successful IVF, the optimum pretreatment condition of spermatozoa with IA should be determined for each species, but there have been no reports in which the effects of concentrations of IA on sperm fertilization were investigated.
Caffeine is established as a beneficial component in the fertilization medium for bovine [18] and porcine IVF [19] . In equine IVF, 5 mM caffeine was used by Del Campo et al. [3] , although there have been no reports in which the optimum caffeine concentration for equine IVF were determined.
Sperm penetration assays can evaluate several spermatozoal functions including the ability of spermatozoa to undergo capacitation and the a c r o s o m e r e a c t i o n s i m u l t a n e o u s l y [ 2 0 ] . Furthermore Yanagimachi [21] discovered that z o n a-fr ee h am s t e r o o c yt es a l l o w e n t r y o f heterogeneous sperm, provided that the sperm are capacitated and acrosome reacted. It is difficult to prepare a number of equine oocytes large enough to establish an IVF system in Japan, therefore it was thought that zona-free hamster oocytes could be used for the IVF test as alternatives for equine oocytes.
In this study, we determined the optimum pretreatment conditions with IA and caffeine for p e n e t r a b i l i t y o f f r o z e n -t h a w e d s t a l l i o n spermatozoa and the time required for their acrosome reaction using the zona-free hamster oocyte penetration test. 
Materials and Methods

Medium
Treatment of stallion spermatozoa
Frozen semen from two stallions (Crossbred) in pellets prepared according to the method reported by Nagase et al. [23] were used. The semen samples were thawed in BSA-free mBO at 38.0 C and washed twice by centrifugation at 300 × g for 10 min. After adjusting the sperm concentration to 5.0 × 10 6 cells/ml, spermatozoa were pre-incubated with IA (Sigma), and then the sperm suspension wa s diluted w it h the s ame volume o f mBO c o n t a i n i n g 6 m g / m l B S A ( S i g m a ; f i n a l concentration was 3 mg/ml) to stop the excess effects of IA.
Preparation of hamster oocytes
Mature female golden hamsters (4-6 weeks old, Japan SLC, Inc.) were injected with eCG (Teikokuzoki Co., Tokyo, Japan) and hCG (Mochida Co., Tokyo, Japan) in a conventional manner for superovulation [24] . Cumulus-oocyte complexes were recovered from dissected oviducts 15 h after hCG injection. They were then treated with 0.05% hyaluronidase (Sigma) to disperse cumulus cells and with 0.1% trypsin to dissolve zona pellucida. The zona-free oocytes were washed three times in m B O c o n t a i n i n g 6 m g / m l B S A b e f o r e insemination.
Sperm penetration assay
T w o -hu nd r ed-m ic ro l it er d ro ps o f s per m suspension pretreated with IA were placed in 35-mm plastic dishes and covered with mineral oil (Sigma). Insemination was immediately performed by introducing 10 to 15 oocytes into each drop containing treated spermatozoa, and the dishes were incubated in humidified 5% CO2 in air at 38.5 C. The IVF oocytes were fixed in 10% neutral buffered formalin for 24 h, and then stained with aceto-lacmoid. Oocytes were examined under a phase contrast microscope at a magnification of × 1,000 and considered penetrated if an enlarged sperm head or pronucleus with corresponding sperm tail was visible within the oocyte cytoplasm.
Experimental design
Experiment 1: The optimal concentrations of caffeine in the pre-incubation and IVF medium for the ability of spermatozoa to penetrate into zonafree hamster oocytes were determined. Frozenthawed spermatozoa were washed and suspended in mBO solution supplemented with 0, 1, 2.5, 5 and 10 mM caffeine (Sigma), but without BSA, and treated with 1.0 µM IA for 60 sec. Then, the oocytes were inseminated with pretreated spermatozoa by introducing them into sperm suspensions for 10 h. E xperi men t 2: E ffec t s o f pret reat ment o f spermatozoa with IA on subsequent penetration into zona-free hamster oocytes after IVF were investigated. Spermatozoa were treated with 0 (control), 0.1, 0.2, 0.5 and 1.0 µM IA for 30, 60, 120 and 180 sec in mBO containing 1 mM caffeine.
After IA treatment, oocytes were inseminated with pretreated spermatozoa in mBO containing 1 mM caffeine for 10 h.
Experiment 3: The duration of culture needed for spermatozoa to become acrosome reacted after IA treatment was determined. Sperm penetration rates of zona-free hamster oocytes at various times after the IA treatment of stallion spermatozoa were examined. The oocytes were fixed 2, 4, 6, 8 and 10 h after IVF using spermatozoa pretreated with 0.1 µM IA for 120 sec in mBO containing 1 mM caffeine.
Statistical analysis
Statistical analyses were carried out by ANOVA with Fisher's protected least-significant difference test. All percentage data were subjected to arcsin transformation before statistical analysis. A probability of P<0.05 was co nsidered t o be significant statistically.
Results
Experiment 1
The effects of various caffeine concentrations in the medium on sperm ability to penetrate into zona-free hamster oocytes are shown in Table 1 . The highest penetration rate (49.0%) was obtained with spermatozoa pre-incubated in the medium with 1 mM caffeine.
Experiment 2
The effects of IA pretreatment of spermatozoa on their ability to penetrate into zona-free hamster oocytes are shown in Table 2 . The penetration rate for spermatozoa with no IA treatment (control) was 9.6%. Penetration rates obtained for spermatozoa exposed to 0.1 µM IA for 120 sec (52.2%) and 1 µM IA for 60 sec (40.9%) were significantly higher than those of other treatment groups.
Experiment 3
Penetration rates during various co-culture periods of zona-free hamster oocytes with stallion spermatozoa treated with IA are shown in Table 3 . The increases of penetration rates during co-culture periods from 2 to 4 h and from 6 to 8 h were significant.
Discussion
Only the treatment of stallion spermatozoa with IA has been shown to produce foals by IVF [5, 17] . In these two studies, stallion spermatozoa from fresh ejaculates were treated with 6 µM IA for 5 min in Hepes-buffered Hank's balanced salt solution containing 1% BSA. Pretreatment of stallion spermatozoa with IA was also reported to be effective to some extent for IVF of in vitro-matured equine oocytes [3, 4, 8] and zona-free hamster oocytes [9] [10] [11] [12] . In those studies, spermatozoa were pre-treated with IA in various combinations of concentrations (0.1 to 7.14 µM) and treatment p e r i o d s ( 1 t o 1 0 m i n ) , a n d t h e o p ti m a l concentrations and treatment periods of IA varied greatly among the reports. Our results indicate that stallion spermatozoa pretreated with 0.1 µM IA for 120 sec in mBO with 1 mM caffeine could undergo the acrosome reaction. Interestingly, the effective concentration of IA in the present study was much lower than the value reported by Palmer et al. [5] . One of the reasons for this variation could be explained by the presence or absence of BSA in the medium used, since this protein is shown to inhibit the action of IA on spermatozoa [25] . Too much incorpora tion o f calcium into spermato zoa, induced by a high concentration of IA, leads to a rapid acrosome reaction in spermatozoa and a sharp decrease in their motility, resulting in failure of IVF [25] . However, the minimum effective concentration of IA need for the sperm acrosome reaction can be lowered in a BSA-free medium. In a d d i t i on , t h e c o e x i s t e n c e o f c a f f e i n e , a phosphodiesterase inhibitor which amplifies the e f fe c t o f I A , c a n a l s o l o w e r th e e f f e c ti v e concentration of IA [18] . In this case, the treatment time can be also shortened to an effective minimum interval by quenching the excess action of IA on the sperm acrosome reaction with BSA.
It was reported that in the pig, 3 to 6 h incubation was needed for spermatozoa to be capacitated in vitro, and 5 to 6 h in monkeys and humans [26] . Although equine IVF has been examined by many res ear ch ers , th e exac t ti me need ed fo r th e capacitation has not been determined. Only the insemination time of stallion spermatozoa with zona-free hamster oocytes has been reported and it varies from 3-3.5 h [10, 27 ] to 8 h [28] . Our results indicate that stallion spermatozoa might complete the acrosome reaction during 6 to 8 h of culture after IA treatment.
In conclusion, our present study demonstrates that frozen-thawed stallion spermatozoa, treated with IA and caffeine, can penetrate into zona-free hamster oocytes. However, to improve efficiency of equine IVF, further research is required to optimize in vitro conditions in order to capacitate stallion spermatozoa sufficiently so that they can undergo either a spontaneous or a zona pellucidainduced acrosome reaction. 
